Neural crest cells (NCCs) participate in the remodeling of the cardiac outflow tract and pharyngeal arch arteries during cardiovascular development. Focal adhesion kinase (FAK) mediates signal transduction by integrin and growth factor receptors, each of which is important for normal cardiovascular development. To investigate the role of FAK in NCC morphogenesis, we deleted it in murine NCCs using Wnt1cre, yielding craniofacial and cardiovascular malformations resembling those observed in individuals with DiGeorge syndrome. In these mice, we observed normal cardiac NCC migration but reduced differentiation into smooth muscle within the aortic arch arteries and impaired cardiac outflow tract rotation, which resulted in a dextroposed aortic root. 
Introduction
Malformations of the cardiac outflow tract and aortic arch arteries are relatively common congenital defects in humans, and they result from a mixture of environment and genetic interactions, involving different cell types that include neural crest cells (NCCs). NCCs are essential for cardiovascular development, as they participate in septation of the cardiac outflow tract and remodeling of the pharyngeal arch arteries (1, 2) . Cardiac NCCs migrate from the dorsal neural tube through the pharyngeal arches in response to poorly understood signals (3) . In the pharyngeal arch arteries, cardiac NCCs differentiate into smooth muscle cells. Finally, cardiac NCCs migrate into the cardiac outflow tract, in which they contribute to the aorticopulmonary septation complex that divides the outflow tract into the aorta and pulmonary trunk (4) . Abnormalities of these structures are involved in many clinically relevant congenital cardiac defects, such as in DiGeorge (also known as del22q11) syndrome, but the cellular and molecular defects in cardiac NCCs that are responsible for these abnormalities are incompletely understood (2) . The genetic bases of DiGeorge syndrome are heterozygous deletions within human chromosome 22q11, involving genes such as T-box 1 (Tbx1) and v-crk sarcoma virus CT10 oncogene homolog (avian)-like (Crkl) that are positioned within the classical recurrent deletion. Cardiovascular defects observed in this syndrome, such as aortic arch interruption, persistent truncus arteriosus, and ventricular septal defects, are also observed in animal models with defects in NCC migration or differentiation or that are lacking Tbx1 or Crkl (5) (6) (7) .
Focal adhesion kinase (FAK) is a cytoplasmic tyrosine kinase activated by integrin and growth factor signaling that has been implicated in numerous cellular processes, including cell migration, differentiation, survival and proliferation (8) . Analysis of FAK in vivo is complicated by early embryonic lethality of mutant embryos (9) . FAK regulates PI3 kinase, PLC-γ1, Erk, Rho, Arf, and other signaling molecules. FAK is activated by FGFs and other growth factors implicated in cardiovascular development, including PDGF and TGF-β (10, 11) . Through Crk-associated substrate (p130 Cas), FAK also promotes Crk-mediated activation of several pathways, including Rac, Jun kinase, and Erk (8) . Thus, FAK is a potential activator of the Crkl-regulated signaling pathways that appear to account for many phenotypes observed in DiGeorge syndrome (12, 13) .
FAK is also activated by β 1 and β 3 integrin ligation and regulates cell motility through regulation of the cytoskeleton and integrin recycling (8) . NCCs express multiple integrins that regulate the migratory behavior of NCCs in vivo and in vitro (14) (15) (16) . Loss of β 1 integrin heterodimers in NCCs after initiation of migration using a Cre-recombinase under the control of the human tissue plasminogen activator promoter (Ht-PA-Cre) transgene results in aberrant development of the peripheral nervous system, but no cardiovascular abnormalities (17) . However, earlier deletion of β 1 integrins from NCCs is reported to result in embryonic lethality at E12.5, with defects in cardiac NCC derivatives, although details have not been published (17) . In addition, Pinch1, a scaffold protein associated with integrins and integrin-linked kinase, is required for normal development of cranial and cardiac NCCderived structures, but the PINCH mutant phenotype differs significantly from that of DiGeorge syndrome (18) .
Several of the growth factors implicated in cardiac development, including FGFs, TGF-β, and VEGF, regulate the inductive interactions between cardiac NCCs and the pharyngeal epithelium (19, 20) . Data from murine models indicate that abnormal growth factor signaling leads to mispatterning of the outflow tract and pharyngeal arch arteries as well as intracardiac defects.
Various growth factor deficiencies impair NCC differentiation into smooth muscle cells (21, 22) , elevate NCC death (23) (24) (25) , or reduce fibronectin expression (26) .
Here, we describe a new model of congenital heart disease, resulting from ablation of Fak in NCCs using Wnt1cre. We show that FAK is essential for both morphogenetic patterning of the outflow tract and remodeling of aortic arch arteries, and we identify signaling pathways impaired in the mutant that are known to regulate these developmental events.
Results

Specific ablation of Fak from NCCs results in perinatal lethality.
To investigate the function of FAK in cardiac NCCs in vivo, we crossed mice with a floxed allele of Fak (Fak flox/flox ) (27) with Wnt1cre mice to obtain specific Fak inactivation in NCCs. The Wnt1cre transgenic mouse line has been previously used in numerous studies for targeted gene deletion and lineage tracing of NCCs. The Wnt1 promoter is first activated at E8.5 in the neural crest and results in extensive Cre-mediated recombination in neural crest derivatives (28) . Efficient deletion of the Fak allele in conditional Fak mutants was confirmed using PCR and immunohistochemistry (Supplemental Figure 1 , A and B; supplemental material available online with this article; doi:10.1172/JCI38194DS1). At E10.5, FAK expression in control tissue sections was high in the branchial arch mesenchyme, which is primarily derived from NCCs, and in overlying ectoderm. In contrast, in Wnt1creFak flox/flox mutants, FAK expression in the mesenchyme was almost completely abolished, although ectodermal expression persisted (Supplemental Figure   Figure 1 Cranial (E and F) Aortic arch artery phenotypes include a common brachiocephalic trunk (CBT; arrowhead in E) and interruption or coarctation of the aortic arch (IAA; arrowhead in F). Hearts in F were injected with blue polymer for better visualization of aortic arch patterning. (G-I) Outflow tract abnormalities in mutants include persistent truncus arteriosus (PTA) in G and H (yellow arrowheads) and overriding aorta (OA) in I (black arrowheads). (H and I) Paraffin-embedded cross (H) and frontal (I) serial sections from E20 hearts stained with H&E. Ao, aorta; ba, brachiocephalic artery; Ctl, control; lc, left carotid artery; Mut, Wnt1creFak flox/flox mutant; n, nasal septum; Pt, pulmonary trunk. Original magnification, ×4 (A, B, and F); ×10 (C-E and G-I).
1C). The neural crest origin of branchial arch mesenchyme was assessed in E10.5 embryos via the additional inclusion of the Creregulated Z/EG reporter allele.
At E9.5 and E10.5, conditional Fak mutants did not exhibit any gross histological malformations. Wnt1creFak flox/flox mutants were recovered at the expected Mendelian ratios at all embryonic stages, but the majority of the conditional Fak mutants died between E20 and P2 (Supplemental Table 1 ). Only 1 of 54 mutants survived to P30. This animal was small and showed obvious motor abnormalities not characterized as part of this study.
Craniofacial and cardiovascular defects in Wnt1creFak flox/flox mutants. Wnt1creFak flox/flox embryos after E16.5 demonstrated multiple craniofacial and cardiovascular malformations, summarized in Table 1 , none of which were observed in controls. NCCs in the branchial arches contribute to the bony and cartilaginous structures of the cranium (29), which we analyzed using Alcian Blue and Alizarin Red staining of E18.5-P0 animals ( Figure 1 ). At these stages, most Fak mutants were smaller than control littermates. In Wnt1creFak flox/flox mutants, 67% of animals exhibited a cleft palate ( Figure 1A ). The secondary palate is composed of the maxillary and palatine bones that together form the palatal shelves. A ventral view of the mutant revealed that the pterygoid process was incompletely ossified and that the palatine and maxillary shelves had not formed properly and had failed to fuse ( Figure 1B ). Frontal sections of E14.5 embryos showed that, in contrast to control littermates, the palatal shelves of Wnt1creFak flox/flox embryos had neither rotated nor elevated ( Figure 1C) .
We analyzed cardiac structures by visual inspection and histological analysis, following vascular casting with polymer injected into the left ventricle. Our analysis demonstrated a spectrum of aortic arch patterning and cardiac outflow tract septation defects, summarized in Table 1 . All mutants analyzed (12 of 12) exhibited a septation deficit between the left and right ventricles ( Figure  1D ). Aortic arch patterning defects (61%) included interruption or coarctation of the aortic arch (39%) and a common brachiocephalic trunk (58%), in which the left carotid artery branches from the brachiocephalic artery ( Figure 1 , E and F). When present, the interruption of the aortic arch was located between the left carotid and the left subclavian arteries ( Figure 1F, arrowhead) . Cardiac outflow tract abnormalities included persistent truncus arteriosus (69%) and overriding aorta (25%) (Figure 1 , G-I). We also observed the presence of truncal valves, with variable cusp numbers associated with persistent truncus arteriosus ( Figure  1H , showing 4 cusps). The observed cardiovascular and craniofacial malformations recapitulate common congenital defects that have been previously attributed to deficiencies in NCCs (30) . These abnormalities are sufficient to explain the perinatal lethality of the conditional Fak mutants.
Effect of Fak deletion on NCC migration. To determine whether the aortic arch patterning and outflow tract septation defects observed in the conditional Fak mutants were due to defective NCC migration, we used the R26R (31) and the Z/EG (32) reporter alleles, in which Cre expression activates β-galactosidase and GFP expression, respectively. Using these, we followed NCCs as they migrated through the pharyngeal arch arteries, formed the aorticopulmonary septum, and differentiated into smooth muscle in the cardiac outflow tract. At E9.5 and E10.5, labeled NCCs were detected in the cranial, pharyngeal arch and trunk regions ( Figure  2A ). Distinct tracts of NCCs could be observed migrating through the somites and within axon fiber tracks. NCC migration appeared similar in conditional Fak mutants and control littermates.
To analyze NCC migration in more detail, we examined sagittal sections of E10.5 embryos. The paired streams of NCCs that migrate into the conotruncal cushions were present in similar numbers and distributions in control and mutant embryos (Figure 2A) . At E12.5, we found obvious defects in the cardiac outflow tracts of conditional Fak mutants, including misalignment of the great arteries and presence of an abnormal aorticopulmonary communication ( Figure 2B ). However, we did not observe a major difference in the pattern or intensity of NCC staining at this time point. To rule out minor migratory defects, we quantified NCCs in the conotruncal cushions of E11.0 outflow tracts ( Figure 2 , C and D). There was no significant difference in NCC numbers between control and mutant embryos.
Overall, our data indicate that initial specification and migration of Fak-deficient NCCs is not altered in early cardiovascular development. It also suggests that there is no major alteration in Fak-deficient NCC proliferation or survival in the cardiac outflow tract at this stage. This result is further confirmed by analysis of cell proliferation and cell death in E9.5 embryos, in which we did not observe any obvious differences between conditional Fak mutant and control littermates (Supplemental Figure 2) .
Effect of Fak deletion on NCC differentiation. To determine whether the cardiovascular defects observed in the Wnt1creFak flox/flox mutants were caused by defective differentiation of NCCs into smooth muscle, we analyzed the expression at E11.0 and E12.5 of SMA, a broadly used marker of smooth muscle differentiation. Failure of murine cardiac NCCs to differentiate into smooth muscle, as a result of deletion homologous to the human 22q11 region or impaired TGF-β signaling, has been shown to result in similar cardiovascular defects as the ones observed in conditional Fak mutants (21, 33) . However, in the outflow tract region and, more specifically, in the aorticopulmonary septum, we did not observe altered expression of SMA in NCCs at either E11.0 or E12.5, even in mutant embryos with an obvious abnormal aorticopulmonary communication ( Figure 3 , A-F, and Supplemental Figure 3 ).
In addition, at these stages (E11.0 and E12.5), SMA also stains the myocardium as well as smooth muscle. Thus, we were able to analyze myocardialization of the outflow tract in these sections. Myocardialization begins at E12.5 in the mouse and occurs as a result of myocyte migration that contributes to the formation of the muscular portion of the outlet segments (34, 35) . Several studies in mice with cardiac outflow tract malformations have reported defective myocardialization of this region (35) (36) (37) (38) . In the Wnt1cre-Fak flox/flox mutant mice, however, we observed no obvious deficits A Phenotypes including interruption/coarctation of aortic arch and/or common brachiocephalic trunk.
in myocardialization of the outflow tracts at E12.5 ( Figure 3 , C-F, and Supplemental Figure 3 ). In contrast, in the aortic arch region of the Fak mutants at E11.5, we observed decreases in SMA using Western blot ( Figure 3H ; n = 3) as well as immunohistochemistry, in which we detected localized defective differentiation of NCCs into smooth muscle in 60% of the Fak mutants ( Figure 3 , I-L; n = 5). All affected embryos showed impaired differentiation in the fourth aortic arch artery; some also showed decreased SMA expression in the third and/or sixth arch arteries ( Our observations indicate that the vascular defects observed later in development are due to inappropriate regression of aortic arch segments rather than to a failure to form these structures. It seems likely that regression results from defective smooth muscle differentiation, although these 2 defects may be mechanistically unrelated. Altogether, our data suggest that the aortic arch patterning defects observed in the conditional Fak mutants do not result from deficient migration or survival of NCCs in the aortic arch arteries but rather from impaired smooth muscle differentiation of NCCs.
Cardiac outflow tract defects of conditional Fak mutants. We next sought to characterize the causes of the conditional Fak mutant outflow tract defects. Frontal sections of E11 embryos revealed that, in contrast to controls, the distal outflow tract did not undergo counterclockwise rotation in the mutants (Figure 4 ). This resulted in a dextroposed aortic root and left the apposing proximal outflow tract cushions in a superoinferior position, instead of the normal side-by-side position.
Elongation of the outflow tract is required for correct cardiac looping, complete outflow tract rotation, and appropriate outflow tract alignment during aorticopulmonary septum formation (39) and requires both cardiac NCCs and the secondary (anterior) heart field. Cardiac NCCs contribute to the existing mesenchymal cushions, while cells derived from the secondary heart field contribute to the outflow tract myocardial cuff and most of the right ventricle (40, 41) . Importantly, it has been shown that NCCs are required for secondary heart field cell migration to the cardiac outflow tract (42) . Thus, we analyzed the secondary heart field contribution to the mutant outflow tracts, by staining them with Islet1, a secondary heart field marker (43) . In E9.5 tissue sections, there was not an obvious difference in numbers of Islet1-expressing cells, between mutant and control littermates (Supplemental Figure 4A) . Similarly, no difference was observed at E10.5 in secondary heart fieldderived myocardium by staining with anti-MF20 (Supplemental Figure 4B ). Outflow tract length was also normal in the mutant at E10.5 (Supplemental Figure 4C) . Thus, we concluded that malrotation of the outflow tract in conditional Fak mutants is not caused by defective addition of secondary heart field cells.
We next sought to determine whether NCC-related gene expression was altered in conditional Fak mutants. For this, we examined the gene expression profile in the outflow tract of E11.5 mutant and control embryos using microarray analysis and subsequent quantitative RT-PCR (qPCR) validation. At this stage, outflow tract rotation deficits were already observed in mutant embryos (data deposited at National Institutes of Health Neuroscience Microarray Consortium, http://np2.ctrl.ucla.edu/np2/home.do). We focused on genes with altered expression that are known to be involved in congenital heart disease models and/or known FAK signaling pathways (data summarized in Supplemental Table 2 ). Some of the genes whose expression is perturbed by ablation of Fak are likely to affect NCC behavior directly, while others participate in the crosstalk between the NCC and other cell types necessary for proper cardiac outflow tract morphogenesis. For the genes shown on Supplemental Pip5k1b] ). In addition, our analysis revealed upregulation of semaphorin 3C, a signaling molecule involved in outflow tract septation and aortic arch remodeling (44) . Interestingly, disruption of some of these genes, such as perlecan (45) , paired related homeobox 1 (Prrx1) (46) , and semaphorin 3C (Sema3c) (44), prevents normal cardiovascular development.
Abnormal NCC morphogenesis in Fak mutant outflow tracts. A detailed analysis of the NCCs in E11.0 outflow tract cushions, using phalloidin red to stain filamentous actin, showed that Fak-deficient NCCs do not form a normal condensed mesenchyme ( Figure 5A ). In control embryos, the distal ends of the parietal and septal conotruncal cush- ions contain a central rod of condensed mesenchymal cells of neural crest origin. When both ridges fuse, their central rods of condensed mesenchyme fuse also to form a central mass of SMA-positive cells. In most mutants, the central rod of condensed mesenchyme could not be detected or was misplaced. When present, the condensed mesenchyme formed by Fak-deficient NCCs appeared to be more scattered and disorganized than that in control littermates ( Figure 5A and Supplemental Figure 6A ). Subsequently, we examined the expression of some of the genes identified in the microarray and qPCR analysis, using in situ hybridization and immunohistochemical techniques. Interestingly, we found that semaphorin 3C, expressed both in the condensed NCC mesenchyme and the myocardial cuff, was indeed downregulated in the NCCs of Fak mutant outflow tracts ( Figure  5B ). Thus, its upregulation in microarray and qPCR analyses is probably due to an increased expression by the myocardial cuff. We also analyzed expression of the extracellular matrix proteins perlecan ( Figure 5C ) and osteoglycin (Supplemental Figure 6B) . Each protein was downregulated in Fak-deficient NCCs of the conotruncal cushions, consistent with our RNA expression analyses. Therefore, our results indicate that Fak deletion results in an abnormal morphogenic program that prevents normal formation of a condensed mesenchyme by mutant NCCs. Next, we examined the aorticopulmonary septum region ( Figure  5 , D and E) at E11.0 and noticed that, when present, this septum was observed in fewer serial sections and was therefore more limited in extent in conditional Fak mutants compared with control littermates. Although we found that NCCs migrate, survive, and appear to differentiate comparatively normally, deficient aorticopulmonary septum development can be attributed to a number of other causes. First, this process involves interactions between diverse cell types, including myocardium, endocardium, and NCCs. Also, deficient aorticopulmonary septation is related to abnormal outflow tract rotation, even in the presence of NCCs (47) . Moreover, our data indicated that Fak-deficient NCCs were not able to form a functional condensed mesenchyme, which might be affecting proper development of the aorticopulmonary septum. More strikingly, we detected marked differences in the actin cytoskeleton of Fak-deficient NCCs. While control NCCs had an elongated morphology and exhibited well-formed stress fibers, oriented parallel to the longitudinal axis of each cell, Fak-deficient NCCs had a more rounded morphology, with more dispersed filamentous actin and fewer, thinner, less oriented stress fibers (Figure 5D ). There was also reduced localization at the cell periphery of cortactin, an F-actin binding protein, in the NCCs ( Figure 5E ). Cortactin is involved in tyrosine kinase-, Rac1-, and Cdc42-dependent pathways that promote activation of a complex containing actin-related protein 2 (Arp2) and Arp3 that regulates protrusivebased cell motility (48) . FAK is also known to regulate Rho activity through interactions with p190RhoGEF and p190RhoGAP, resulting in elevated or impaired Rho-dependent signaling, depending upon cell type (49, 50) . Our results demonstrated that in the aorticopulmonary septum region, Fak-deficient NCCs have defective regulation of the actin cytoskeleton and abnormal NCC morphology, suggesting a potential impairment of NCC invasion during fusion of the conotruncal ridges, which could, in turn, disturb aorticopulmonary septation.
Reduced levels of phospho-Crkl and phospho-Erk1/2 in mutant outflow tracts. Ablation of the 22q11 genes Crkl and Erk2 in mice generates phenotypes similar to those observed following Fak deletion in NCCs (5, 51). Specifically, Crkl-null mice have obvious cardiovascular and craniofacial abnormalities, with normal migration and early expansion but impaired survival of NCCs (5, 13) . Moreover, inactivation of TGF-β signaling in a mouse model of congenital heart disease impairs Crkl phosphorylation in NCCs (33) . Thus, we analyzed the levels of Crkl and Erk1/2 phosphorylation in E12.5 Fak conditional mutant and control outflow tracts ( Figure 6A ; n = 4). Western blots demonstrated that the levels of Crkl and Erk1/2 phosphorylation in mutant lysates were significantly lower than those of their control littermates (50% and 66%, respectively; P < 0.05), even though total Crkl and Erk2 levels were unchanged. However, levels of phospho-Smad2/3, a TGF-β reporter, were not significantly altered in mutant outflow tracts. GAPDH staining was used to verify equal protein loading. As expected, FAK was significantly downregulated in mutant outflow tracts (53%; P < 0.05).
Since Crkl signaling is activated through FGFs, TGF-β, and integrins (13, 33, 52), we next sought to determine whether FGFs and TGF-β also activate FAK in NCCs. For this, we isolated NCCs from the branchial arches and cultured them in vitro ( Figure 6B ). Purity of these cultures was assessed by Wnt1creZ/EG recombination, which documented that more than 75% of the cells were NCCs in origin. In these cultures, FAK phosphorylation was greatly increased after addition of TGF-β, FGF2, or FGF8. Thus, in NCCs, FAK is a downstream target of these growth factors, so TGF-β, FGF2, and FGF8 signaling is very likely to be defective in NCC derivatives in Fak mutants in vivo. Finally, we analyzed the effects of these growth factors on Crkl and Erk1/2 phosphorylation in NCCs in vitro ( Figure 6C ). Interestingly, TGF-β and FGF2 resulted in elevated phosphorylation of Crkl, while FGF2 and FGF8 increased Erk1/2 phosphorylation. These phosphorylation increases were not detected in Fak-deficient NCCs. Substantial FAK downregulation in mutant NCC cultures was assessed by Western blot (Supplemental Figure 7) . These responses are very likely NCC specific, although we cannot rule out non-cell-autonomous effects of other cell populations present in our cultures.
Collectively, our results are consistent with the view that growth factors, such as the FGFs and TGF-β, activate through FAK Crkl and Erk1/2 phosphorylation during NCC morphogenesis and that impaired activation of this pathway is likely the underlying cause of the cardiovascular and craniofacial abnormalities found in the conditional Fak mutants (see Figure 7 for model).
Discussion
In this study, we have examined the phenotypes resulting from targeted deletion of Fak in NCCs. Conditional Fak mutants present craniofacial and cardiovascular malformations that lead to early postnatal lethality and resemble common genetic forms of human congenital heart disease. Mutants display cleft palate together with several cardiovascular defects, including persistent truncus arteriosus, overriding aorta, ventricular septal defect, and type B interruption of the aortic arch.
FAK functions in multiple signaling pathways, including the ones initiated by integrins, FGFs, and TGF-β (8, 10, 53) . We found that TGF-β, FGF2, and FGF8 are able to induce FAK phosphorylation and FAK-mediated phosphorylation of Erk1/2 and Crkl in NCCs in vitro. Interestingly, we found that conditional Fak mutant mice share strikingly similar phenotypes with murine models of DiGeorge syndrome, such as mice with a 1.5-Mb deletion in the critical 22q11 region (21); ablation of Crkl, which maps within this region (5); or Erk2 deletion, localized to a distal region in chromosome 22q11 (51). Disruption of Tbx1, FGF8, and TGF-β signaling also generates many features of DiGeorge syndrome (7, 22-24, 33, 38, 54) . However, inactivation of Tbx1 or FGF8 results in abnormal patterning of the aortic arch arteries and defective migration or survival of NCCs, leading to conotruncal heart defects (7, 23) . In contrast, the development of aortic arch defects in Fak mutant mice is due to failures in NCC differentiation, not migration or survival, and initial formation of aortic arch arteries seems normal. Thus, phenotypic differences do not support a close association between Tbx1 or FGF8 genetic pathways and FAK signaling in NCCs. Moreover, recent studies have provided evidence that NCCs are not direct targets of secondary heart field-derived FGF signaling (55, 56) .
In this study, we show that Fak mutant outflow tracts have reduced Crkl and Erk1/2 phosphorylation, indicating that Crkl and Erk1/2 are FAK effectors in NCCs during outflow tract septation. This is especially interesting, since NCC-specific Erk2 and Crkl mutant mice recapitulate the major features of DiGeorge syndrome. Crkl is an adaptor that functions downstream of integrin, FGF, and TGF-β receptors to recruit signaling complexes that
Figure 7
Model for FAK requirement in NCCs during cardiovascular development. FAK signaling is required by postmigratory NCCs for appropriate cell function. In NCCs, FAK is phosphorylated by integrin activation and growth factors, such as TGF-β and FGFs. Fak-deficient NCCs are unable to propagate or integrate certain integrin and growth factor signals. Specifically, during outflow tract septation, Crkl and Erk1/2 phosphorylation is impaired in Fak-deficient NCCs, leading to cardiac developmental defects that recapitulate DiGeorge syndrome. Deficient Crkl phosphorylation potentially affects Crkl binding ability, through its SH2 domain, to other proteins, such as paxillin and p130CAS, and translocation of Crkl to focal adhesions. Therefore, activation of Rac1 and Cdc42 is potentially affected in Fak-deficient NCCs, which results in reduced cortactin localization to the cell periphery, abnormal cell morphology, and cytoskeletal reorganization.
activate Ras and Rac (13, 33, 52) . Based upon our data, we propose that FAK, Crkl, and Erk1/2 participate in a common pathway, which is involved in the NCC morphogenetic program during outflow tract development, that when perturbed results in DiGeorge syndrome-associated cardiac phenotypes (Figure 7 ). In the future, it will be interesting to determine whether there are genetic interactions between FAK and DiGeorge syndrome-associated genes.
Tests on murine mutants have shown that defects in multiple signaling pathways that affect cardiac NCCs prevent normal development of the aortic arch arteries and cardiac outflow tract, with individual mutants affecting NCC proliferation, survival, migration, or differentiation (57, 58) . Our results indicate that NCCs lacking FAK migrated normally, which is surprising given the importance of FAK in cell motility (8) . NCC migration in vivo and in vitro is primarily mediated by β 1 integrins (14, 59, 60) . Integrins promote NCC motility, in part, through protein tyrosine kinase activation (61) . In this regard, a recent study has shown that FAK signaling is required for α 5 β 1 but not α 4 β 1 integrin-stimulated neuroblastoma cell motility (62) . Moreover, in Fak-null fibroblasts, expression of α 4 β 1 rescued cell motility defects (63) . Thus, our results are consistent with prior studies, documenting a major role for α 4 β 1 integrin in NCC migration (59, 64, 65) . As noted above, NCC-specific integrin β 1 deletion, using Ht-PA-Cre, which is not expressed before NCCs begin migration, does not result in cardiac abnormalities (17) . The same paper cited unpublished observations, indicating that cardiac NCCs are perturbed when integrin β 1 is deleted at an earlier time in NCC precursors. Thus, it is not clear if β 1 integrins are required for NCC migration. These data indicate, however, that they are not essential for later cardiac NCC differentiation.
In the conditional Fak mutant, NCC differentiation into smooth muscle is impaired in the aortic arch arteries but appears to be comparatively normal in the cardiac outflow tract region. Thus, the essential roles of FAK in NCC derivatives must differ between these regions, probably due to the different environmental signals to which NCCs are being exposed. Alternatively, outflow tract NCCs could be expressing a different morphogenic program from the one in the aortic arch arteries that includes differentiation to smooth muscle cells through FAK-independent pathways. Interestingly, mice hemizygous for the 22q11 homologous region or with disrupted Notch or TGF-β signaling also exhibit impaired cardiac NCC differentiation into smooth muscle in the aortic arch arteries (21, 33, 66) . Our study and others have shown that TGF-β can activate FAK and enhance Crkl phosphorylation (11, 33) . Consequently, our data suggests that the presence of FAK is required for normal TGF-β signaling in this region through control of Crkl and possibly additional effectors.
We found that FAK is required by NCCs for correct cardiac outflow tract rotation during early cardiovascular development. Defective rotation of the outflow tract underlies the overriding aorta and persistent truncus arteriosus phenotypes found in conditional Fak mutants. It also appears to be related to a more rounded NCC morphology, with deficient cytoskeletal organization and reduced peripheral cell-associated cortactin in the aorticopulmonary septum. In the conotruncal cushions, we found abnormal condensed mesenchyme formation, with reduced NCC expression of perlecan, osteoglycin, and semaphorin 3C. Deficiencies in semaphorin 3C or perlecan result in congenital cardiovascular defects in mice (44, 45) . Interestingly, TGF-β induces perlecan expression, which binds and modulates integrin and growth factor activities (FGF, PDGF) (67).
NCC influx is required for outflow tract rotation (39) . Splotch (also known as Pax3) mutant mice have reduced NCC colonization of the cardiac outflow tract and developed several outflow tract defects, including persistent truncus arteriosus and double-outlet right ventricle, together with defective rotation of the outflow tract myocardial wall (47, 68) . Conditional Fak mutants, however, show defective rotation despite the presence of normal NCC numbers. The mechanisms resulting in cardiac outflow tract rotation remain largely unknown, although the cytoskeleton appears essential to induce the rotational forces associated with heart looping (69) . Several mouse models with an incomplete cardiac outflow tract rotation exhibit abnormal cytoskeleton organization of the outflow tract myocardium (70, 71) . Also, mutation of the folate transport gene, Folr1, affects cytoskeletal organization in conotruncal tissues, preventing normal outflow tract development (72) .
FAK signaling may modulate the NCC actin cytoskeleton through many mechanisms (8) . FAK promotes focal adhesion turnover through dynamin. Also, FAK regulates Rho family GTPases through Crkl, p190RhoGEF, p190RhoGAP, and other upstream regulators. FAK regulates N-WASP, an Arp2/3 complex activator. In addition, binding of the FAK FERM domain to Arp2/3 controls protrusive lamellipodia formation and cell spreading (73) . Through Rho, FAK controls cytoskeletal contractility and microtubule stability.
Cardiac outflow tract morphogenesis requires crosstalk between NCCs, secondary heart field, myocardium, mesenchymal, and endothelial cells. As part of this study, we performed an RNA profile analysis using control and Fak mutant E11.5 cardiac outflow tracts. Results revealed interesting candidates downregulated in the Fak mutant, including several microtubule regulators (Stmn3, Dcx) and a FAK-associated phospholipid kinase (Pip5k1b). Interestingly, both Stmn3 and Pip5k1b are known to interact with Rac GTPase signaling and may help explain the altered NCC morphology and actin cytoskeleton observed in mutant NCCs.
In conclusion, our results demonstrate that the presence of FAK in NCCs is required for appropriate cardiac outflow tract morphogenesis and aortic arch remodeling. Given the multiple targets of FAK, future studies will be necessary to clarify the roles of various FAK-regulated signaling pathways in cardiac development. In addition, future analyses of NCC-specific knockout mice that survive to adulthood should reveal functions of FAK in other NCC derivatives.
Methods
Mouse lines. The Fak flox/flox (27) , R26R (31), Z/EG (32) , and Wnt1cre (28) mice were maintained on mixed genetic backgrounds. Wnt1creFak flox/flox mutants were compared with control littermates (Fak +/flox , Fak flox/flox , Wnt1creFak +/flox ). Genotyping for Fak and cre alleles was determined by PCR as previously described (27, 28) . The stage of embryo development was determined with the day of plug being E0.5. All animals were handed in accordance with protocols approved by the UCSF Animal Care and Use Committee.
Reagents. Antibodies were obtained from the following sources: FAK polyclonal Ab (pAb) (A17; catalog no. sc-557), Crkl pAb (C20; catalog no. sc319), and Osteoglycin pAb (K14; catalog no. sc-47277) (Santa Cruz Biotechnology Inc.); SMA mAb (clone 1A4; A5228) (Sigma-Aldrich); Islet-1 mAb (39.4D5 and 40.2D6) and MF20 mAb (Developmental Studies Hybridoma Bank); phospho-histone H3 (pAb) (Upstate); phospho-FAK pAb (catalog no. 44-624G) (BioSource International); phospho-Crkl pAb (catalog no. 3181) and phospho-Erk1/2 pAb (catalog no. 9101) (Cell Signaling Technology); phospho-Smad2/3 pAb (catalog no. AB3849), Erk2 mAb (catalog no. 05-157), and GAPDH mAb (catalog no. MAB374) (Millipore). Filamentous actin was visualized using rhodamine phalloidin, and GFP-expressing NCCs were visualized using Alexa Fluor 488-conjugated anti-GFP Ab (Molecular Probes). Cell death was determined with the In Situ Cell Death Detection Kit, TMR red (Roche Applied Science). Cell nuclei were labeled with DAPI (Sigma-Aldrich).
Histology. Embryos or dissected hearts were fixed in 4% paraformaldehyde and dehydrated and embedded in paraffin wax. Sections were stained in H&E. Embryos were stained for β-galactosidase activity resulting from Cre-mediated recombination of the Rosa26lacZ reporter allele, using standard protocols. Fast red was used as a nuclear counterstain. Embryonic and postnatal vasculatures were visualized by intracardiac Microfil blue liquid compound injection (Flow Tech). E18.5 crania were stained with Alcian Blue and Alizarin Red to visualize bone and cartilage, using a standard protocol.
Immunohistochemistry and in situ hybridization. Embryos were fixed in 4% paraformaldehyde and embedded in OCT. For 1 hour, 12-μm cryostat sections were preincubated with 2% normal goat serum, 5% bovine serum albumin, and 0.5% Triton X-100 in PBS. Slides were incubated overnight at 4°C with primary antibodies and then washed and incubated with Alexa Fluor 488-, CY3-, or CY5-conjugated secondary antibodies (1:200; Molecular Probes). Alternatively, sections were incubated with biotinylated secondary antibodies (1:200; Vector Laboratories), VECTASTAIN ABC Kit (Vector Laboratories), and 0.05% diaminobenzidine/0.0003% H2O2. Primary antibodies were used at the following concentrations: SMA mAb (1:500); GFP-488 (1:500); FAK (1:100); phospho-histone H3 (1:50); MF20 (1:100); Islet-1 (1:100); osteoglycin (1:100). Analysis of gene expression using in situ hybridization with digoxigenin-labeled RNA probes was performed according to standard protocols. RNA probes were provided by J. Rubenstein (UCSF), S. Evans (UCSD), and A. Kolodkin (Johns Hopkins University School of Medicine, Baltimore, Maryland, USA).
Gene expression analyses, microarray analysis, and qPCR. RNA was extracted from the outflow tract region of E11.5 conditional Fak mutants and littermate controls with Absolutely RNA microprep Kit (Stratagene). RNAs from 3 embryos from each genotype were pooled to average genetic and experimental variations. cDNA reverse transcription, amplification, labeling, and hybridization to Affymetrix GeneChip 430 2.0 arrays was performed by the National Institutes of Health Neuroscience Microarray Consortium. Candidate genes were then analyzed by qPCR, as previously described (74) . Briefly, cDNA was synthesized using random hexamers and SuperScript III Reverse Transcriptase (Invitrogen), following the manufacturer's instructions. Primer design was done using PrimerExpress software (Applied Biosystems; see Supplemental Table 3 ). FAK and osteoglycin assays were purchased from Applied Biosystems. qPCR was carried out in an ABI PRISM 7300 Sequence Detection System (Applied Biosystems). Target genes were normalized by using GAPDH and B2m as internal control genes. Fold change of gene expression was calculated in mutant versus control samples.
Western blot analysis. Tissues were dissected and lysed in modified RIPA buffer (10 mM Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 10 mM Tris, pH 7.5, 100 mM NaCl, 1 mM EDTA, 1 mM EGTA, 10% glycerol, 1 mM NaVO4, 1 mM NaF, and 1x Complete Mini Protease Cocktail [Roche Applied Science]). Using a method to enhance sensitivity based on a previous study (75) , 1 μg protein was loaded onto each lane. Culture NCCs were lysed directly in 50 mM Tris, 2% SDS, 0.1% bromophenol blue, 10% glycerol, 5% β-mercaptoethanol, pH 6.8. Protein lysates were separated on 4%-15% gradient SDS-PAGE gels (Bio-Rad). Proteins were transferred onto PVDF membranes (Immobilon-P; Millipore), blocked with 5% nonfat milk/1% goat serum, and incubated with antibodies to FAK (1:200), phospho-FAK (1:1,000), Crkl (1:100), phospho-Crkl (1:1,000), Erk2 (1:1,000), phosphoErk1/2 (1:1,000), phospho-Smad2/3 (1:1,000), or GAPDH (1:700) overnight at 4°C. Primary antibodies were detected with anti-rabbit or antimouse HRP-conjugated secondary antibodies (10 ng/ml) (Pierce), which were visualized using SuperSignal West Dura Chemiluminescent Substrate and Femto Trial Kit (Pierce). Protein band densitometry was carried out using ImageJ version 1.34s software (http://rsbweb.nih.gov/ij/).
NCC cultures. Preparation of NCCs from branchial arches was performed as previously described (76, 77) . Briefly, first and second branchial arches from E10.5 embryos were dissected and incubated in 0.125% trypsin and 1 mM EDTA at 37°C for 10 minutes. After trypsin neutralization, cells were collected by centrifugation and seeded in 6-well plates in DMEM/F12 (1:1; GIBCO-BRL), containing 10% FBS (GIBCO-BRL), leukemia inhibitor factor (LIF) (10 6 U/l; Chemicon International), 0.1 M nonessential amino acids (GIBCO-BRL) plus penicillin and streptomycin (100 μg/ml). After a 30-minute incubation, unattached cells were discarded and fresh medium was added to the wells. Cultures were maintained in a humidified atmosphere of 5% CO2 at 37°C. NCCs were seeded in 12-well plates at 150,000 cells/well and, after 24 hours, were preincubated with DMEM/F12 for 1 hour before addition of growth factors at 20 ng/ml (TGF-β [Collaborative Research Inc.], FGF2 [Chiron Corporation], and FGF8 [R&D Systems]). Cells were incubated at 37°C for 30 minutes, then washed twice with icecold PBS, and lysed directly with SDS-PAGE loading buffer.
Statistics. Statistical comparisons were made by 2-tailed Student's t-test. Data are expressed as mean ± SD.
